ABSTRACT: In theoretical and field pnrnary productlon studies, much interest is currently focused on the influence of apenodic vertical mixing generated at the surface by wlnd speed and/or heat flux. In the present work, a Lagrangian random walk model was used to study the interactions between penodic vertical tidal mixing and both photoadaptation and primary productlon of phytoplankton, in typical shallow coastal waters, such as the eastern English Channel. The model considers a depthdependent d~ffusion coefficient fluctuahng according to the high-low tidal cycles and neap-spring tidal cycles, water columns of different euphotic zone and mixed layer depths, and photoresponse time constants of natural phytoplankton populations collected in the eastern English Channel. Cells were allowed tn light-shade adzpt, accordizg to the vertical mixing tune scdles, by aitenng their photosynthetic properties in response to vanations in light. The simulation results indicate first that vertical tidal mixing could control photoadaptation processes at the scale of the high-low tidal cycles at spring tlde, and at the scale of neap-spring tidal cycles in shallow coastal systems. Secondly, it appears that the decreasing vertical mixing intensity between spnng and neap tide condihons is responsible for a significant increase in daily primary production rates, despite the occurrence of photoinhibition at neap tide. Therefore, primary production in coastal seas would b e a function not only of light and nutrient concentrations, but also of photoadaptation processes In relation with vertical tidal mixing In another way, the Lagrangian model suggests that the theory according to which cells are adapted to the mean light intenslty of a water column in a turbulent regime is valid only from a populational point of view. From the model used, ~t appears also that our present knowledge on photosynthetic dynamic modeling is unsuited to generating pronounced vertical grad~ents of photosynthetic parameters In all water columns.
INTRODUCTION
In natural environments, phytoplankton cells experience light variations due to astronomical cycles, cloud cover, and also to vertical motion caused by turbulent mixing encountered in the water columns. Phytoplankton can respond to these light variations by photoadaptation processes (Harris 1980 , Capblancq 1995 .
Conceptual bases of phytoplankton photoadaptation in response to vertical mixing have been provided by studies by Marra (1978a, b) , Falkowski (1980) , Perry et al. (1981) , Falkowski & Wirick (1981 ), Falkowslu (1983 and Lewis et al. (1984a) . These consist of an adaptation of cells to the vertical gradient of light when the time-scales of physiological processes are shorter than those of vertical mixing events. The photosynthetic characteristics of phytoplankton, such as the parameters of the photosynthesis versus irradiance curves, then display heterogeneities in the water column. In contrast, i f vertical mixing takes place on lower time-scales than those of photoadaptation, photosynthetic properties of phytoplankton are expected to be more uniformly distributed with depth. In agreement with these theoretical considerations, it has recently been shown that photoadaptation of phytoplankton can take place at neap tide, in a shallow coastal system like the eastern English Channel, influenced mostly by the tide (Lizon et al. 1995) . In this area, the occurrence of photoadaptation processes was not obvious because the tidal range is one of the highest in the world (ranging from 3 to 9 m,), and the physical structure of the waters, chlorophyll a and nutrient profiles are more generally homogeneous (Lizon et al. 1995) . Furthermore, photoadaptation processes occurring in the eastern English Channel have noticeable ecological implications. If they are not considered at neap tide, substantial bias (on the order of 40%) can result in the daily primary production rate computations (Lizon et al. 1995) .
Concurrently with field or experimental studies (Fortier & Legendre 1979 , Marra 1980 , Lewis et al. 1984a , b, Mallin & Paerl 1992 , Kromkamp & Limbeek 1993 , Grobbelaar 1994 , several models (Falkowski & Wirick 1981 Woods & Onken 1982, Lande & Lewis 1989 , Yamazaki & Kamykowski 1991 , Kamykowski et al. 1994 , Weissing & Huisman 3.994, Woods & Barkmann 1994 have been formulated in order to carry out thorough studies of interactions between vertical mixing and photoadaptation. The previously mentioned biological-physical interactions have been modelled in 2 fundamentally different ways. The first approach describes the average values of photosynthetic properties of a cell population at a given depth, according to vertical mixing intensity. This type of model can be labelled Eulerian or bulk property model. The second approach describes vertical displacements and physiological responses of individual phytoplankton cells in a water column. This kind of model, called Lagrangian model, is primarily of interest because it considers variability in the photosynthetic characteristic of phytoplankton that may exist among cells at the same depth. Such a varia.bility, resulting from different individual light exposure histories of cells in turbulent environments, matches with in situ measurements of the phytoplankton responses obtained, for example, by flow cytometry (Chisholm, et al. 1986 , L1 & Wood 1988 , Olson et al. 1991 . Moreover, recent studies have shown-on the basis of innovative statistical techniques of analysis in oceanography -that phytoplankton biomass is heterogeneously distnbuted at microscale, though basically regarded as homogenised by turbulent fluid motions (Seuront et al. 1996a, b) . Consequently, processes associated with primary production, or more generally processes encountered in marine environments, cannot be considered as average phenomena, but rather as a juxtaposition of many specific events such as individu.al photosynthetic responses. In this way, a Lagrangian approach along with the previous studies, leads to the characterization of each variability level rather than the description of an average process.
In the previous studies of photoadaptation in relation with turbulence, vertical mixing was always generated by an upper mixed-layer model forced by wind speeds, and sometimes by heat flux. Hydrodynamical regimes were generally c0nstan.t throughout the day. No theoretical or field study has been conducted on the influence of periodic variations of vertical mixing -which is generated at the bottom of shallow waters by tidal currents (Simpson et al. 1990 (Simpson et al. , 1991 )-on photosynthetic processes and daily primary production rates of phytoplankton. Some theoretical studies have considered periodic variations of vertical tidal mixing, but with regard to phytoplankton blomass only (Cloern 1991 , Koseff et al. 1993 , Baretta et al. 1995 , Skogen et al. 1995 . Other studies on the interactions between turbulence and photosynthesis have been conducted in situ, but in deep waters or in wind-driven turbulent waters (Fortier & Legendre 1979 , Demers & Legendre 1981 , Lewis et al. 198413, Vezina et al. 1995 , DelgadilloHlnojosa et al. 1997 . Furthermore, the conclusions of field studies about the effect of vertical mixing on primary production rates (increase or decrease) are often inconsistent (Marra 1Y78b, Mailin & Paerl. i992, Deigadillo-Hinojosa et al. 1997) . Thus, the aim of this paper is to conduct a theoretical study, using a Lagrangian model, on the interactions between vertical mixing (which changes according to high-low tidal cycles and neap-spring tidal cycles) and both photoadaptation processes and daily primary production rates in typical shallow coastal water columns. In this way, the variability of the environmental conditions involved in primary production control cannot hide a possible relationship between the previously mentioned physical and biological processes. Such a relationship is hypothesized here.
The model used in thls study describes physiological properties of cells instead of cell concentrations. It takes into account both the photoresponse time constants of natural phytoplankton populations from the eastern English Channel and the tidal current speed measurements collected at the same place. For more clarity, non-mobile phytoplankton cells are considered in the present case. The sinking rate of cells and wind-driven turbulence are negl.ected. First, a detailed account of physical and biological aspects of our modelling is provided. Secondly, we focus on the relationships between vertical mixing related to tidal forcing and both photoadaptation and primary production processes.
MATERIALS AND METHODS
The physical model. In simple vertical transport models such as those used in some studies (Falkowski & Wirick 1981 , Yamazaki & Kamykowski 1991 , Koseff et al. 1993 , Kamykowski et al. 1994 , McGillicuddy 1995 , the effect of turbulence on vertical nuxing is typically parameterized by a depth-dependent diffusion coefficient (K,). Following Taylor (1954) and Koseff et al. (1993) , eddy diffusivity is characterized by a turbulent velocity scale and a length scale which are respectively shear velocity U ' and the depth of the water column in shallow systems. Since we consider only the tide as a source of turbulence in the present study, the vertical distribution of K,, is parabolic (Koseff et al. 1993) . Using the logarithmic law velocity profile, K, (m-' S-') at depth z and time t is given by (Fisher et al. 1979 , Koseff et al. 1993 where K is the Von Karman constant (0.4), K, is a small value included so that the diffusivity is never equal to zero (1 X IO-~ m-2 S-', a value higher than the molecular diffusivity; cf. Koseff et al. 1993) , and h(t) is the distance between the depth of a particle, Z(t) (see Eq. ?), and the depth of the water column, H(t) (see Eq. 4 ) . The shear velocity U' (m S-') is defined as (Dyer 1986): where kb is the average diameter of the grains of sediment (0.005 m), and u(t) is the current velocity calculated for a depth d, near the bottom of the water column. In order to treat current velocity variations according to both the semidiurnal (M2) and the neapspring (Mf) tidal cycles, current velocity u(t) (m S-') was where C = 5.9 m and D = 2 m. These 2 parameters were also calculated from in situ water column depth variations in different tidal conditions in the eastern English Channel (Lizon 1997) .
The location of a particle Z(t) (m) is parameterized by a random walk model which considers the vertical eddy diffusion coefficient K,, as (Pielou 1969 , Falkowski & Wirick 1981 where At is the time interval (see below). A choice is made between the algebraical signs + and -with equal probability at each At. Following Falkowski & Wilick (1981) , the surface and bottom of the mixed layers are treated as reflective boundaries.
The diurnal light incident upon a cell at depth z and time t is given by:
where I*, , is the light intensity on the water column surface at noon (850 pE m-' s l ) , Di is the day length (12 h), and kd the extinction coefficient. These last parameters are considered constant for the study of daily primary production rates at the scale of the neapspring tidal cycles in a given water column.
The biological model. The biological model predicts the primary production rate (P) by the empirical model of Platt et al. (1980) , as a function of the light incident upon a cell [I(z,t) notated I in the following equation in order to simplify the expression], photosynthetic parameters and chlorophyll a concentration of a cell (B = 10 pg; Montagnes et al. 1994) : the range of current velocity variations at the scale of where P; is the photosynthetic capacity [maximum of the neap-spring tidal cycles respectively) were calcuthe photosynthesis-irradiance (PE) curve], aB is the lated from in situ current velocity measurements made photosynthetic efficiency (slope of the PE curve at low at a depth d in different tidal conditions in the eastern light intensity), and PB a phOtoinhibltlOn indice (slope English Channel (Lizon 1997) . The depth of the water of the PE curve at high column, H(t) (m), a time-dependent parameter, also According to the photoadaptation theory ( ) I ] and cell-specific constants used in the biological model for each photosynthetic parameters: y-L1 (h-') are kinet~c constants obtained from low to high light shift experiments on natural population of phytoplankton; .(-HI ( h ' ) , from the reciprocal light shifts; y-inhib. (h") is a kinetic constant determined when P,: decreases after a shift under saturating light intensity; a and b are the cell-specific constants of Eq (10) (1988) . Significant different kinetic constants have been obtained from low to high light shifts and from the reciprocal light shifts (high to low irradiance). Therefore, klnetic constants of each parameter determined from low to high light shift experiments are used when cells are displaced to the surface of the water column. In the opposite case, kinetic constants of each parameter determined from high to low light shifts are considered. The photoinhibition process is well known to induce P: decreases near the sea surface under high light intensity (Harris 1980 , Vincent et al. 1984 , Neale & Richardson 1987 , Cullen & Lewis 1988 , Ferris & Christian 1991 . Such a process has been observed in our earlier works conducted in the eastern English Channel (Lizon et al. 1995) and during light shift experiments (Lizon 1997) . Photoinhibition is therefore also taken into account in the present study. It is considered here as a photoadaptative process in agreement with Cullen & Lewis (1988) . In order to parameterize photoinhibition, P,: values measured in the natural environment by L~zon et al. (1995) were fitted by Eqs. (10) (Lizon et al. 1995) used to determine a specific value a r (cf Eq. 10) for P,::, when light intensity induces photoinhibition processes. The best fit (r2 = 0.703) of the measured data (dashed line) was obtained with a, --0.4. PAR: photosynthetically act~ve radiation (11). For a light intensity higher than the photoinhibition threshold (450 pE m-2 S-') of photosynthesis, and with a particular kinetic constant (Table l ) , we determined a speclfic value ar for P:. It appears that the best fit (r2 = 0.703) of the measured data is obtained under high light, with a,-= -0.4 (Fig. 1) . Implementation of the model. The software STELLA, which has been demonstrated to be an efficient tool to transfer a conceptual dynamlc model into a practical computer model (Costanza 1987 , Richmond et al. 1987 , Wu & Vankat 1991 , Hannon & Ruth 1994 , was used in the present work.
In all. Lagrangian models, vertical displacements of organisms are a function of the vertical eddy diffusivity coefficient K,,, but also of the time step A t (cf. Eq. 10). In the present case, K, is parameterized from in situ measurements of current speeds, and therefore displays fluctuations according to the low-high and neapspring tidal cycles (Fig. 2) . The time step A t is determined following McGillicuddy (1995) and Barkmann & Woods (1996) , so that the mixed layer turnover times are consistent with measured values for mixing layers of similar extent. In this study, as for Barkmann & Woods (1996) , a time step of 6 min was used. The turnover times of 20 and 40 m depth water columnsvertlcal extent of the largest eddies-are then on the order of 30 min and l h 30 min respectively at spring tide, and on the order of 2 h 20 min and 7 h 30 min respectively at neap tide. Such turnover times are consistent wlth the values reported or used by many authors (Gargett et al. 1979 , Denmann & Gargett 1983 , Shay & Gregg 1986 , McCillicuddy 1995 , Barkmann & Woods 1996 for high and low turbulence regimes in shallow mixing layers. However, in order to compare primary production rates between neap tide conditions and very weak turbulent regimes, additional simulations were made for very smal! K,, values (10-~, ?0-4 and 10-S m2 S-'), i.e. for turnover times up to 100 h. The biological model considers only photoadaptation processes at short time-scales. It takes no account of processes such as ontogenic adaptations (Kirk 1983) , which can occur at long time-scales, i.e. at the scale of the neap-spring tidal cycles. The physiological properties of cells were the same at the beginning of each daylight period (12 h) (Table 1) . Therefore, the model was run independently for each simulated day, i.e. for each vertical mixing condition.
At sunriseof eachsimulated day, 100cellswith the same photosynthetic characteristics were randomly placed within the mixed layer. At each time step At, new depths, new light intensities and new photosynthetic parameter values were calculated for each cell. Instantaneous values of primary production were also calculated for each cell, and integrated over the daylight period with the 4th order Kunge-Kutta method (Shampine & Watts 1977) . Since 100 cells is too small a number for study of phytoplankton responses from a statistical point of view, 3 sirnulations with 100 cells were made for each tested vertical mixing condition. Thus, displayed daily primary production rates will square with the mean rates of the 3 sirnulations. Variation coefficients of the daily production rates will also be presented.
The interactions between vertical mixing intensity and daily primary production rates were studied at the scale of a semi-neap-spring tidal cycle (7 d) for different typical water columns found in the eastern English 
RESULTS AND DiSCUSSiON

Photoadaptation versus vertical mixing
In Fig. 3 , daily photosynthetic responses of some individual cells are presented for hydrodynamical regimes related to spring and neap tide. It appears that vertical heterogeneities of photosynthetic characteristics can take place both at neap and spring tide. At neap tide, such results are consistent with earlier studies conducted in the eastern English Channel (Lizon et al. 1995 , Lizon & Lagadeuc 1998 , whereas they are more surprising at spring tide. However, the results are relatively different between neap and spring tide conditions.
First, vertical gradients of photosynthetic responses match with the photoadaptation theory (Falkowski & Owens 1980 ), but only under neap tide conditions. The decreases in P: and the increases of U' and PB with depth at neap tide indicate that phytoplankton cells adapt their photosynthetic properties to the vertical gradients of light for weak tidal forcing (Figs. 3 & 4 ) . Pronounced photoinhibltion processes also occur at neap tide, as shown by the weak values of P : in surface waters in the middle of the day (Fig. 3) . On the contrary, at spring tide, vertical heterogeneities of photosynthetic parameters are inconsistent with a photoadaptation to the decreasing vertical gradient of light. Such heterogeneities may be due to the fact that cells tend to continuously adjust their photosynthetic those of the photoadaptation processes at spring tide, cells display only partial adaptations to the light environment. Actually, these photosynthetic parameter heterogeneities at spring tide reflect the large photosynthetic characteristic variability among phytoplankton cells located at the same depth (Fig. 4) . Considering that eddy diffusivity is not homogeneously distributed in a water column (Koseff et al. 1993), each cell has its individual light exposure history, and therefore, different cells cannot show similar physiological properties at the same depth, or at different depths at spring tide. In brief, the difference between our results at spring tide and the photoadaptation theory (Falkowski & Owens 1980) can be explained by the fact that we consider here the individual cell properties and not the population properties, properties on whlch the photoadaptation theory is based. Second, vertical gradients of photosynthetic parameters are higher at neap tide than at spring tide (Figs. tosynthetic parameters display slgnlficant increases between spring and neap tide conditions in the 4 studied water columns (Fig. 5, Table 3 ). These results match with the simulations of Kamykowski et al. (1994) and the field studies of Lewis et al. (1984b) . These authors showed, for the first time and from In situ col- Table 3 . Kendall's coefficients of rank correlation (r) calculated for the box plot mcdians (cf. Fig. 5 ) of the vertical variation cocffic~ents (CV) of E:, aB and P", and for the daily pnmary production rates (P) corresponding to coastal (CW). intermediate (IW), offshore (OW) and Z,/Z,, = l water columns, between spring and neap tide conditions ("p < l ' Yu, ' p < S'%#). r coefficients were calculated between the original data series and the data series and classified by increasing order (Legendre & Legendre 1984) lected data, the relationship between vertical heterogeneities of the phytoplankton photosynthetic parameters and the hydrodynamical regimes related to wind forcing. However, it appears from our simulation results that vertical heterogeneities of photosynthetic characteristics are continuous during the day at neap tide, whereas they tend to be reduced, especially for P," when the current speeds are maximum at spring tide (Fig 3) . Therefore, the interactions between photoadaptation and vertical mixing at the scale of highlow tidal cycles can occur at spring tide in our model, in the same way as they occur in the eastern English Channel (Lizon et al. 1997) . It must be added that our simulation results show that the CV of P,:;, an and PB are higher in coastal than in ZJZ,, = 1 water columns, at neap tide as well as at spring tide (Fig 5) . The weak values of the CV for Z,/Z,, = 1 water columns do not fit with the measurements of photosynthetic responses collected in the eastern English Channel waters. As a matter of fact, Lizon et al. (1995) have shown that vertical heterogeneity of photosynthetic parameters could 'be on the Constant V,?!.i-~es order of 60% for water columns where ZJZ, = 1. The photoadaptative dynamics used, which is based on our present knowledge of this subject, then is not adequate to generate pronounced vertical gradients of photosynthetic parameters in all water columns. The differences between in situ and modelling observations could be explained by only 1 measurement of the cell-specific constants of the photosynthetic parameters, and under only 1 hydrodynamical condition. Since taxonomic composition of phytoplankton community and cell pigment contents can change, owing to ontogenic adaptations at the scale of the neap-spring tidal cycles (Kirk 1983 , Geider et al. 1996 , it can be hypothesized that cell-specific constants, which are different with different species (Cullen & Lewis 1988) , could also change at this time-scale and could be specific to water column physical characteristics. Lande & Lewis (1989) have also suggested that it could be interesting to reconsider the validity of some functions such as Eq. (10), which describe the fully adaptive state of cells (c'). A nonlinear relationship between T,' and the logarithm of the light intensity incident upon a cell could result in higher heterogeneity in photosynthetic responses between the top and the bottom of a water column. These remarks are supported here by a sensibility analysis of the cell-specific constants ar. As a matter of fact, high values of a r can induce high photosynthetic parameter heterogeneities in a Z,/& = 1 water column and higher differences in vertical heterogeneities of the photosynthetic parameters between neap and spring tide conditions (Fig. 6) . Given that variations of vertical tidal mixing ~n t e nsity could control photoadaptation processes of phytoplankton at the scale of the neap-spring tidal cycles, and also at the scale of high-low tidal cycles at spring tide, the question now is: what is the effect of vertical mixing variations at the neap-spring tidal cycles on the daiiy primary production rates?
Primary production rates versus vertical mixing
First of all, the daily primary production rates are noticeably different between the 4 studied water columns, irrespective of the hydrodynamical conditions (Fig. ?A) . At spring and neap tides, the higher the ratios between the euphotic zone depths and the mixed layer depths of a given water column, the higher the daily production rates (Fig. ?A) . Such results are not surprising, since, when the euphotic zone depth increases, light incident upon the cells located at the bottom of the water column increases and the daily primary production rates of cells also increase. Therefore, the daily primary production rates of cell populations were divided by the average daily light intensities of each mixed layer in order to obtain a standardised index between the different studied water columns (Fig. 7B) .
The overall result of our simulations then is an increase in the daily primary production rates between spring and neap tide conditions (Fig. 7B) . However, the previous increases in the daily rates are related to the considered water columns, i.e. the values of the Z,/& ratios. Statistically significant increases, on the order of 4 0 % , are observed in the course of the semi-neapspring tidal cycle, for coastal and intermediate water columns (Table 3) . In contrast, for offshore and Z,/& = l water columns, the tendency toward an increase in daily production rates is not significant from a statistical polnt of view (Table 3 ). In these la.st 2 cases, 
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synthetic parameters decreases with an increase in the depth of the euphotic zone (Fig. 5) . It can thus be hypothesized that the low CV of photosynthetic parameters in a Z,/& = 1 water column would be insignificant compared with the vertical gradients of light considered in the computation of the cell primary production rates. Thus, in a ZJZ, = 1 water column, low photoadaptation processes would have a weak effect on the daily production rates between spring and neap tide conditions, for which the vertical gradients of light are similar.
Furthermore, the control of daily primary production rates by vertical mixing intensity is made via photoadaptation processes occurring at short time-scales. As a matter of fact, differences in daily primary production rates between spring and neap tide conditions are on the order of 4 0 % when photoadaptation processes are taken into account in a coastal water column whereas they are on the order of only 4.2 % if photoadaptation processes are not considered (Fig. ? C ) . Such results concerning the physical control of daily primary production rates via photoadaptation are in agreement with the simulation results of Barkmann & Woods (1996) , and in disagreement with those of Lande & Lewis (1989) and Falkowski & Wirick (1981) . As a matter of fact, Barkman & Woods (1996) also found higher production rates under stable conditions than in turbulent regimes, and differences on the order of 4 0 % between daily production rates computed for the 2 above-mentioned hydrodynamical conditions. However, our results specify that production rate control can be exerted by vertical mixing generated by the or those of photoadaptation Processes. In contrast to our results, Lande & Lewis (1989) predicted weak production rate differences bethe increases in daily rates occur late in the course of tween low and high turbulent regimes, and Falkowski the semi-neap-spring tidal cycle, and all the more & Wirick (1981) concluded that turbulence has very litweakly as the ZJZ, ratios are close to unity (Fig. ?B) . If tle effect on phytoplankton primary productivity. The a relationship between daily primary production rates discrepancy between these studies and our simulations and vertical mixing intensities was expected, the influcan be explained by the mixing time-scales considence of the euphotic zone depth on this relationship ered. For example, Falkowski & Wirick (1981) used K, was not because the vertical heterogeneity of 3 photovalues inducing turnover times of a 20 m depth water column, ranging between 110 and 11 000 h for high and low turbulent regimes, respectively. In such conditions, vertical eddy length scales can never be higher than 5 m, and differences In daily production rates between stable and turbulent environments cannot be displayed. Such explanations are supported here by daily primary production rates computed for weak eddy diffusivity values (10-3, 1 0 '~ and 10-5 m2 S-') ( Fig.  7A, B ): daily production rates were not different between turbulent conditions resulting from these small K, values and neap tide conditions. From our simulation results, it appears that moderate vertical mixing, such as that encountered here some time before neap tide (1 or 2 d before), would not induce an increase in the daily primary production rates, irrespective of the water columns considered. There is no decrease in the daily production rates between the fifth and the seventh day of the semineap-spring cycle. Such results refu.te the hypothesis formulated by Gallegos & Platt (1985) and Mallin & Paerl (1992) . These authors assert that moderate vertical mixinu could stimulate phytoplankton production by tempering light limitation of cells located below the 10 % incident irradiance or by reducing the photoinhibition effect in surface waters. Vertical mixing, however, would control photoinhibition processes, but at the scale of the semi-neap-spring tidal cycle according to the present study. As a matter of fact, Fig. 7C shows that for 2 different water columns, daily production rates, whether considering photoinhibition or not, are similar at spring tide whereas daily rates di.ffer by about 10% at neap tide, irrespective of the Z,/& ratio values. These results then show, in contrast to the conclusions of Falkowski & Wirick (1981) , that daily primary production rates can be a function of vertical mixing intensity, even if photoinhibition processes are not considered.
CONCLUSION
With reference to our hypothesis, we can conclude that vertical tidal mixing could control daily primary production rates at the scale of the neap-spring tidal cycles in shallow coastal water columns. As a matter of fact, from a simple Lagrangian model, it appears that the decreasing intensity of vertical mixing between spring and neap tide conditions is responsible for a significant increase in daily primary production rates (on the order of 40%), via photoadaptation processes occurring at short time-scales, with or without photoinhibition processes. If conclusions of field studies are often inconsistent with respect to the effect of turbulence on primary production rates (increase or decrease) (Marra 197813, Mallin & Paerl 1992 , DelgadilloHinojosa et al. 1997 , this may be due to the competitive effect of light and nutrients in the context of vertical mixing and stratified waters. In the natural environment, vertical mixing can occur at different time-scales, and generate limitations in light, in nutrients, or in both light and nutrients (Huisman & Weissing 1995 , Delgadillo-Hinojosa et al. 1997 .
Therefore, primary production in coastal seas -such as the eastern English Cha.nne1-would not be only a function of light intensity and nutrient concentrations (Agoumi 1985 , Moloney et al. 1986 , Hoch 1995 , but also of photoadaptation processes in relation with vertical tidal mixing intensity. Such processes should be considered in future work on primary production modelling at mesoscales, even if there is some difficulty in identifying this relationship at such scales and in coastal seas (Vezina et al. 1995) . As a matter of fact, biological and physical fluctuations in coastal systems can occur faster than the biweekly neap-spring tidal cycles, owing to horizontal advection processes of different water masses (Lizon et al. 1995 , Vezina et al. 1995 , Brylinski et al. 1996 , and can partially hide the relationship between primary production and vertical mixing. However, before conducting further modelling, new experiments must be carried out in order to study the cell-specific constants of photoadaptation processes, for water columns of different Z,/Z,,, ratios, and at the scale of the neap-spring tidal cycles.
